Anas Batou, Christian Soize. Experimental identification of turbulent fluid forces applied to fuel assemblies using an uncertain model and fretting-wear estimation. Mechanical Systems and Signal Processing, Elsevier, 2009, 23 (7) Systems and Signal Processing April 7, 2009 identification process of the stochastic loads. Then, the stochastic nonlinear dynamical computational model of fuel assemblies on which the identified stochastic loads are applied yield interesting results concerning the robustness of the estimation of the fretting wear of the fuel rods.
Introduction
A fuel assembly is made up of thousands of fuel rods and tubes which are held in position by grids. This dynamical system bathes in a flow of a liquid (water)which induces turbulent forces that are likely to induce frettingwear of the fuel rods. A fuel assembly is a very complex nonlinear dynamical system for which an accurate computational model (called the reference computational model) would be time consuming and generally, would induce many numerical problems due to the high modal density of such a structure.
Therefore, the computational model must be simplified from an engineering design point of view. The model uncertainties are thus due to the simplification introduced by the mathematical-mechanical modeling process. The measurements are realized with an experimental setup which is constituted of a half fuel assembly which bathes in a turbulent fluid. This experimental setup has been designed in order to improve the understanding of the dynamical behavior of fuel assemblies. The objectives of this paper are to identify the parameters of the mathematical model of the stochastic forces induced by the turbulent fluid which are applied to the experimental setup, using an uncertain stochastic simplified computational model and experimen-2 tal responses. The general methodology used to solve this problem has been presented in [2] and validated on a very simple academic example. In the present paper, we applied this methodology to a complex industrial structure and the identification of the stochastic model is carried out using measure- (1) The model uncertainties induced by the introduction of simplifications in the model. This type model uncertainties are taken into account using the nonparametric probabilistic approach (see [9, 10] ) which consists in modeling the reduced mass and stiffness matrices by full random matrices defined on a probability space (Θ, T , P). The dispersion parameters introduced by this approach will be identified using the maximum likelihood method and a reference computational model made up of an accurate finite element model. ( 2) The mean model of the stochastic loads (induced by the statistical fluctuations of the turbulent pressure applied to the structure) is a vectorvalued Gaussian centered second-order stationary stochastic process defined on a probability space (Θ , T , P ). Consequently, the mean model of the stochastic loads is completely defined by the nominal value of the matrix- (3) The uncertainties concerning the stochastic loads are taken into account by replacing the nominal value of the matrix-valued spectral density function (defined above) by a random matrix-valued spectral density function defined on a probability space (Θ , T , P ). By construction, the mean value of this random matrix-valued spectral density function is equal to the nominal value of the matrix-valued spectral density function. The probability distribution of this random matrix-valued spectral density function de-pends on a dispersion parameter which controls the level of uncertainties and which is identified using the maximum likelihood method and experimental responses.
(4) The uncertainties induced by measurement errors are taken into account in introducing an additive random variable for the experimental observation. This random noise (modeling the effects of the measurement errors) is defined as a Gaussian centered random variable on a probability space
Section 2 deals with the experimental modal analysis carried out on the experimental setup. Section 3 presents the reference computational model which will be used as an observation for the stochastic simplified computational model constructed in Section 4. The uncertain stochastic loads applied on the stochastic simplified computational model are identified in Section 5.
In Section 6, the identified stochastic loads and the stochastic simplified computational model are used to construct statistics on quantities of interest, in particular the fretting-wear on the rods.
Experimental measurements and modal analysis

Description of the experimental setup
The experimental setup (see Figure 2 ) is composed of a half fuel assembly points is chosen as 4096. The acquisition time is then t max = 3.2 s. The frequency resolution is then 0.3125 Hz. The matrix-valued spectral density function of the vector-valued measured random signal is estimated by the periodogram method (see [6] ). The power spectral density functions (PSD)
for sensors J1x and J5x are represented on Figure 5 for the frequency band of analysis. 
Experimental modal analysis
All the eigenmodes are double eigenmodes due to the symmetries of the structure. So, the experimental modal analysis for x and z directions are carried out separately. It should be noted that the experimental modal masses cannot be identified because the loads induced by the fluid flow are unknown.
The four first eigenfrequencies and the associated damping rates (see Table   1 ) correspond to the eigenmodes for which all the tubes and the rods are in phase. Note that the first eigenmode has a high damping rate. 
Simplified computational model
Mean simplified computational model
The mean simplified computational model is derived from the reference computational model. Indeed, the linear subsystem of the reference com- Bampton method (see [3] ). 
Stochastic simplified computational model
The simplifications introduced in the simplified computational model induce model uncertainties which have to be taken into account. In [2] , the model uncertainties on the linear subsystem of the reference computational model are taken into account using the nonparametric probabilistic approach. and the reduced stiffness matrices of the mean reduced simplified computational model by random matrices defined on the probability space (Θ, T , P).
The probability density functions of these full random matrices depend on the dispersion parameters δ 
where . F is the Frobenius norm such that A 
M]Q(t) + [D]Q(t) + [K]Q(t) + F
NL (Q(t),Q(t)) = F(t) ,
in whichQ(t) andQ(t) are the velocity and the acceleration. In this equation, can be found in [2] .The stochastic equation (2) is solved using the Monte Carlo simulation method (see [7] ).
Identification of the uncertain stochastic loads
The uncertain stochastic loads induced by the turbulent flow are applied to the four grids in x and z directions. So there are 8 stochastic forces which are modeled by a vector-valued stochastic process {F unc (t), t ∈ R}. For the construction of stochastic processF unc , first we introduce a stochastic pro- 
cess {F(t), t ∈ R} of the stochastic loads without uncertainties. It is then assumed that stochastic processF is a Gaussian stationary centered secondorder stochastic process defined on a probability space (Θ , T , P ) for which 
Identification of the matrix-valued spectral density function of the uncertain stochastic loads
The 7 measured strains for which the matrix-valued spectral density function
, ω ∈ R} is estimated using the periodogram method. The corre- The optimal value r opt of the parameter r is then given by
in which C r is the admissible set for the vector r. In Figure 12 , it can be seen that the initial value of r can be chosen as 1/(2π) × (10
Function D(r) is represented in Figure 13 . The minimal value of D is reached 
Identification of the dispersion parameter δ F .
The dispersion parameter δ F is identified using the maximum likelihood method for the random variable J s which is such that for all θ ∈ Θ and for all θ ∈ Θ ,
and for which the experimental value J exp s defined by
18 is one realization. We then have the following optimization problem 
Measurements errors
The measurements errors on the variable J exp s defined by Eq. (5) are modeled by an additive noise E, defined on a probability space (Θ , T , P ), for which the probability density function is e → p E (e). We then have
where the variable J 
where the random variable J s is defined by Eq. (4). Then, the probability
where x → p J er s |E=e (y|e) is the conditional probability density function J er s
given E = e which is, using Eq. (8), such that
The probability density function y → p J er s (y) of the random variable J er s depends on δ F and is rewritten as
It is assumed that the additive noise E is modeled by a centered Gaussian random variable. For the experimental setup, the measurements errors on the strain are about 10%. In this condition, the value of the standard deviation of E is chosen as J exp s /10. Then the dispersion parameter δ F is identified 20 using the maximum likelihood method and we then have
where δ opt F is the optimal value for δ F . The integral in Eq. (11) is estimated using the Monte Carlo simulation method. Generating ν e independent realizations e 1 , . . . , e νe of the random variable E with p.d.f p E (e), the value of
The graph of function Figure 15 . The optimal value for the dispersion parameter is δ The random fretting-wear in the contacts rod/bump and rod/spring for the uncertain system submitted to the uncertain stochastic excitation is based on the use of the Archard power wear (see [1] ) and is defined as the random variable (θ, θ ) → P us (θ, θ ) such that
where F N (t) is the random normal force and where V T (t) is the absolute value of the random tangential velocity. It should be noted that P us (θ, θ )
is independent of t because the stochastic processes {F N (t), t ∈ R} and {V T (t), t ∈ R} are stationary. The mean value, the dispersion (ratio of the standard deviation with the mean value), and quantiles 5% and 95% of the random fretting-wear for the first grid following x direction are reported in Table 3 : Statistics for the random fretting-wear on the first grid following x direction.
Conclusions
We have presented a complete methodology for the identification of turbulent fluid forces applied to fuel assemblies using an uncertain simplified 
